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ABSTRACT

Mitochondria and peroxisomes are highly dynamic, multifunctional organelles. Both perform key roles
for cellular physiology and homoeostasis by mediating bioenergetics, biosynthesis, and/or signalling.
To support cellular function, they must be properly distributed, of proper size, and be able to interact
with other organelles. Accumulating evidence suggests that the small atypical GTPase Miro provides
a central signalling node to coordinate mitochondrial as well as peroxisomal dynamics. In this review,
| summarize our current understanding of Miro-dependent functions and molecular mechanisms
underlying the proper distribution, size and function of mitochondria and peroxisomes.

Introduction

Mitochondria are extraordinary organelles that originate
from an ancient endosymbiotic of a a
proteobacterium with a common ancestor of all eukaryotes
[1]. Even though mitochondria maintained the double
membranes of their ancestors and the core machinery of
ATP production, their overall composition changed signif-
icantly to facilitate numerous additional cellular functions.
The classical view of mitochondria as ‘powerhouses’ of the
cell refers to an oxygen-respiring, crista-bearing organelle
that harbours the components of the Krebs cycle and oxi-
dative phosphorylation (OXPHOS) to synthesize and deli-
ver ATP to the cytosol. However, mitochondria are also
critical for the biosynthesis of lipids, haem, and iron-
sulphur protein clusters [2,3]. Moreover, they are con-
stantly communicating with the cytosol and organelles to
initiate biological responses both under homoeostatic and
stress conditions [4-6]. Hence, mitochondria are deeply
integrated into cellular physiology and homoeostasis by
mediating bioenergetics, biosynthesis, and signalling.
Mitochondria are dynamic organelles and continuously
remodelled forming structures ranging from large con-
nected networks to highly mobile units to ensure their
large array of functions central to cellular homoeostasis,
death, differentiation, and adaptation to stress [3,4]. This
heteromorphic and dynamic nature of mitochondria,
termed mitochondrial dynamics (motility/fission/fusion/
ultrastructural organization), provides mechanisms to
assess mitochondrial quality control and ensure that mito-
chondrial signals are properly disseminated [7]. The
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significance of mitochondrial function and dynamics is
underscored by their central role in ageing [8] and a large
number of human diseases [3,4,9-11].

Like mitochondria, peroxisomes are dynamic orga-
nelles that continuously adapt their number, morphology,
distribution, and activity [12-14]. Peroxisomes are key
regulators of lipid and ROS metabolism and hubs of
redox-, lipid-, inflammatory-, innate immune-, and cell
fate transition-signalling networks in mammals [13-17].
To perform these roles, peroxisomes continuously inter-
act with other organelles including mitochondria [13,18].

Peroxisomes and mitochondria are remarkably inter-
connected in mammalian cells, as they share a common
set of factors controlling their abundance. In addition, they
interact through membrane contact sites, mitochondria-
derived vesicles (MDVs), and the release of biological mes-
sengers such as ROS, lipids, or other metabolites [13,18].
This communication enables peroxisomes and mitochon-
dria to cooperatively facilitate and/or control diverse meta-
bolic and signalling processes like fatty acid oxidation,
phytanic acid oxidation, bile acid synthesis, glyoxylate
detoxification, and cellular ROS homoeostasis [13,19].
Peroxisome dysfunction has been linked to a growing num-
ber of diseases and ageing [13,20-22]. However, little is
known of how mitochondrial biology is affected by con-
ventional human peroxisomal disorders and vice versa,
peroxisomal biology by mitochondrial disorders [13,18].

Neurons with their complex morphology are a prime
example of the challenges that cells face to meet bioe-
nergetic and biosynthetic demands locally. Given that
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a single mammalian neuron may consume over
4.7 billion ATP molecules per second [23] and that
biogenesis occurs mostly in the soma, neurons require
efficient mitochondrial and peroxisomal transport
more than any other cell to meet the bioenergetic and
biosynthetic demand of their axons and dendrites [24--
24-27]. Insights into how these challenges are met have
come from studies over the past decades dissecting
mechanisms that underly mitochondrial and peroxiso-
mal dynamics and coordinate their individual actions.

One protein family, in particular, turned out to be
central for the regulation of mitochondrial and peroxiso-
mal dynamics, the mitochondrial Rho GTPase (Miro).
Miro proteins are fairly conserved in eukaryotes and
emerged before the divergence of eukaryotes occurred
[28]. They critically aid mitochondrial transport, mor-
phology, inheritance, homoeostasis, degradation, and
contacts with the endoplasmic reticulum (ER). Beyond
mitochondria, Miro proteins also regulate dynamics of
peroxisomes whose fate and function are coupled to
mitochondria. Importantly, Miro proteins have a central
role for coordinating and integrating different mechan-
isms of mitochondrial dynamics organizing and ensuring
proper function of the mitochondrial network.

Miro proteins, a family of
evolutionary-conserved atypical GTPases

In comparison to the Ras superfamily of small GTPases,
Miro proteins resemble a conserved family of GTPases
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that are atypical by their primary structure, domain archi-
tecture and subcellular localization [28,29]. Their hall-
mark is a unique domain architecture among GTPases
(Figure 1(a)), which is composed of two different GTPase
domains, two EF-hand Ca®" binding domains and
a single-pass transmembrane domain at the C-terminus
tail-anchoring the proteins in the outer mitochondrial
membrane (OMM) [28,30-37].

The overall architecture of Miro proteins is essen-
tially conserved throughout eukaryotes, although the
GTPase and EF-hand motifs can vary [28]. Miro
appeared early in eukaryotic evolution with at least
one Miro-like protein present in almost every eukaryo-
tic genome including unicellular yeast, Amoebozoa,
multicellular fungi, plants, and metazoans. However,
Miro is absent from eukaryotes that possess mitosomes
or hydrogenosomes, and a few species of the phylum
Apicomplexa and the order Mamiellales. There are also
a few Miro-like proteins that lack one of the GTPase
domains, possess a dysfunctional EF-hand or divergent
cGTPase domain. Since these variations are found in
different eukaryotic lineages, the domain architecture
of Miro was likely independently modified to meet
functional demands of divergent eukaryotes [28].

The human and mammalian Miro paralogs, Mirol
and Miro2 (Miro1/2; also known as RhoT1 and RhoT2,
respectively) share 60% sequence identity [30] but are
to some degree functionally distinct, as indicated by
their differential expression, their protein interactions
and loss of function phenotypes [30,38,39]. The
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Figure 1. Protein architecture of Miro. (a). Schematic representation of Miro’s GTPase and ELM domains consisting of an EF hand,
a 'hidden’ EF-hand and LM helix. The transmembrane domain (TM), acetylation (red; K92, K512, and K616) and phosphorylation sites
(Polo (orange): S59; PINK1 (yellow): S156, T298, and T299) of Miro1 are indicated. (b). Protein variants (1-4) of human Miro1 derived
from alternative mRNA splicing of exons 19 and 20, which causes small insertions of 32 (green) and 41 residues (yellow),
respectively. Variants 2 and 4 exhibit a preferred peroxisomal localization, while variants 1 and 3 are mostly localized to
mitochondria. Panel 1A was adapted with permission from [35], panel 1B was adapted from [224].
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genomes of Zebrafish, the nematode C. elegans, and
plants have 3 paralogous genes. The Zebrafish genes
are termed rhotla, rhotlb and rhot2. The encoded
proteins Rhotla and 1b cluster with mammalian
Mirol, while Rhot2 is more similar to Miro2 [40]. In
C. elegans, Miro2 originated from a duplication of
Mirol while Miro3 is a pseudogene [41,42]. The Miro
orthologs in the plant Arabidopsis Mirol-3 share
33-38% amino acid (aa) identity with human Mirol
[36]. In contrast, the Drosophila genome contains only
a single ortholog, which shares 46% identity with
human Mirol and 38% with Miro2 [33]. Similarly, the
single Miro gene of yeast (S.cerevisiae), termed GTPase
EF-hand protein of mitochondria 1 (Gemlp), shares
30% protein identity with human Mirol [32].

Miro’s atypical GTPase activity and Ca**
regulation

Originally, Miro proteins were classified as a subgroup
of the Rho GTPase family based on the sequence
homology of their N-terminal GTPase (nGTPase)
domain with Rho [30]. However, a lack of the Rho-
specific insert helix domain and DxxG motif led to
a reconsideration [29,32,43,44]. Moreover, the
C-terminal GTPase (cGTPase) domain is structurally
more similar to Rheb [35], which uses a noncanonical
mechanism of GTP hydrolysis [45]. Comparison with
other atypical GTPases indicates that Miro proteins are
unique even amongst atypical GTPases, as they harbour
substitutions of otherwise highly conserved residues
while maintaining their hydrolytic capacity [37].

GTP hydrolysis was first confirmed for yeast Gem1p.
Cytosolic Gemlp lacking the C-terminal TM domain
hydrolysed GTP, which was abolished by the substitu-
tions S19N and S462N in the n- and cGTPase domains,
respectively [46]. The rates of GTP hydrolysis by
Gemlp truncations containing only one GTPase
domain were slow [46]. GTP hydrolysis was also con-
firmed for the nGTPase domain of dMiro [47] and
human Miro 1/2 [37]. The n- and cGTPase domains
of human Miro 1/2 exhibited slow catalytic GTP hydro-
lysis activity similar to other GTPases of the Ras/Rho
family [37]. However, the cGTPase activity was surpris-
ingly promiscuous, hydrolysing GTP, ATP and UTP
but not CTP [37].

The structure of full-length Miro has not yet been
determined. However, partial structures have been
identified including a truncated peptide of dMiro and
human Mirol/2, termed MiroS [35,48], the cGTPase
domain of human Mirol/2 [48], and the nGTPase
domain of human Mirol [49]. The MiroS structures
of the two EF-hands and the cGTPase domain are

remarkably conserved between dMiro and human
Mirol [35,48]. The EF-hand domains comprise cano-
nical Ca®" binding motifs (Figure 1(a)), which are
paired with ‘hidden’ EF-hands that each interacts with
a putative ligand-mimic (LM) helix, termed ELM1 and
ELM2 [35]. Even though mutagenesis studies clearly
support a role of ELM-mediated Ca** binding regulat-
ing Miro function [31,50-55], the underlying mechan-
ism remains poorly understood.

The crystal structures of human MirolS bound to
either Ca®"- or Mg** showed minimal structural
changes [48]. MirolS fragments bound to either GDP
or the non-hydrolysable GTP analogue GMPPCP
exhibited no significant change and were virtually
superimposable, indicating that the crystallized struc-
ture of the conserved MiroS fragment is in isolation
conformationally inert in regard to ion or nucleotide-
binding [48]. The active site of the crystallized Mirol
nGTPase domain surprisingly contained Mg**-GTP,
even though nucleotides were absent during protein
purification and crystallization. Accordingly, the crys-
tallized domain is regarded as catalytically inactive [49].
The nGTPase domain associated as a two-fold sym-
metric non-crystallographic dimer in the crystal struc-
ture [49], despite being monomeric in solution [48].
The interface between the two protomers was extensive
and included a new conserved sequence motif, termed
SELFYY [49]. The nGTPase domains of human Mirol/
2 are structurally quite similar but differ by a set of 21
non-homologous amino acid substitutions, which are
all located to one face of the domain and may deter-
mine their somewhat different functions [49].

Ras GTPases typically act as molecular switches and
cycle between an active, GTP-bound state and an inac-
tive, GDP-bound state, which critically requires two
regions, termed Switch I and II [56]. The GTPase
domains of human Mirol/2 resemble in part the
domains of Ras proteins with conserved G1, G4, and
G5 loop sequence motifs. However, the G2 and G3 loop
motifs harbouring the Switch I and II regions show
significant differences, specifically an absence of the
conserved residues Y32 and T35 in Switch I and G60
and Q61 in Switch II, which are all required for cano-
nical GTP hydrolysis [37]. The equivalent residues of
Switches I and II in Miro 1/2 are identically substituted
in the nGTPase domain but differentially in the
cGTPase domain. Moreover, the Switch II motif
(DTAGQ) of Ras GTPases is rather divergent in
Miro’s nGTPase domain (DYSEA) leaving only the
aspartate conserved [37]. Together, these substitutions
may prevent canonical GTP hydrolysis; instead, the
catalytic activity of the GTPase domains may be based
on an internal arginine finger [37]. Nevertheless, the



mechanism for the well-established hydrolytic activity
of both Miro GTPase domains remains to be identified.
The unresolved mechanism of Miro’s hydrolytic
activity has implications on previous genetic analyses
of Miro’s GTPase domains [30-32,46,50,51,57-62].
These studies generally assumed that Miro mediates
canonical GTPase hydrolysis and used mutations
whose effects were inferred from Ras GTPases.
Specifically, the dominant-negative Ras-S17N mutation
locking Ras into a GDP-bound state [63-65] was used
to generate analogous substitutions in the n- and
c¢GTPase domains of yeast (SION and S462N),
Drosophila (T25N and T460N), and mammalian Miro
(N18 and N432). Similarly, the constitutively active
Ras-G12V mutation locking Ras into a GTP-bound
state [66] served as blueprint for the substitutions in
the GTPase domains of mammalian (13 V and 427 V)
and Drosophila Miro (A20V and K455V). For all cases,
it remains unresolved whether these mutations indeed
stabilize GTP- and GDP-bound states, or whether they
simply disrupt nucleotide binding or other interactions.
To what degree Miro’s GTPase activity is controlled
by GTPase-activating proteins (GAPs) and guanine-
nucleotide exchange factors (GEFs) remains an open
question. The only proposed GAP for Miro is VopE,
a Vibrio cholera Type 111 secretion system effector that
localizes to mitochondria during infection [67]. VopE
binds to the nGTPase domains of Mirol/2 and
increased their GTP hydrolysis activity in vitro [67].
In addition, two potential GEFs for Miro have been
identified, GBF1 and RAP1GDS/Vimar [61,68]. Miro 1/
2 copurified with GBF1, and at least Miro2 is required
for the GBF1-dependent remodelling of the mitochon-
drial network in RPE1 and HeLa cells [68]. The atypical
GEF RAPIGDS [69-71] and its Drosophila ortholog
Vimar copurified with human Mirol and dMiro,
respectively [61]. Mutations in Vimar and dMiro inter-
acted  genetically, which was disrupted by
a dysfunctional nGTPase domain of dMiro [61].
However, Miro-specific GEF activity of GBF1 or
RAPIGDS has not been confirmed biochemically.

Miro proteins are essential for development
and survival

Miro proteins are critical for normal development and
postnatal life in vertebrates, and likely so in most metazo-
ans. Conditional germline knock-out (KO) of Mirol in
mice caused cyanosis and premature death shortly after
birth, likely due to normally developed but unexpanded
lungs, which has likely a neuronal origin since some
neural circuits controlling breathing were absent [72].
Conditional KO of Mirol at a later stage (~E13.5) in
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multiple populations of neurons in the spinal cord and
brain caused premature postnatal death by P35, which
was preceded by progressively developing movement
defects similar to those seen in upper motor neuron
disease of humans [72]. Conditional KO of Mirol in
hippocampal neurons at an even later stage (E16) dis-
rupted dendritic complexity and caused neurodegenera-
tion by ~12 months of age [73].

Mouse Mirol/2 have essential and non-redundant
roles during different developmental stages [38]. While
Miro2 KO animals were viable and fertile [73], Miro2
KOs that were also heterozygous for Mirol died prena-
tally (~E12.5), and Miro 1/2 double KO (DKO) animals
died even earlier (~E8.5) due to early developmental
defects [38]. Accordingly, Miro2 has an unknown func-
tion in early stages of development, which requires two
copies of mouse Mirol for compensation. In contrast,
Mirol has a critical role later in development that cannot
be compensated by Miro2 [38,72,73].

Partial gene redundancy also has been observed for the
Zebrafish Miro paralogs [40]. RNAi-mediated knock-
down (KD) of individual genes had no obvious develop-
mental defects. However, low-dose triple KDs impaired
development while high-dose triple KDs caused early
embryonic lethality during gastrulation, which was par-
tially rescued by human Mirol expression [40]. Deletions
of the single Drosophila gene dMiro caused premature
lethality, impaired the development and/or maintenance
of neural stem cells, and disrupted the organization of
dendritic trees [33,47,57]. Surprisingly, even though mito-
chondrial phenotypes were observed, loss of Mirol in
C. elegans increased longevity [41] while Miro2 null
mutants appeared normal [42].

Miro proteins are also required for growth in plants
and lower eukaryotes. In Arabidopsis, loss of Mirol
arrested embryogenesis at an early stage while loss of
Miro2 did not cause any apparent phenotypes [36]. As
in mammals, Miro2 is unequally redundant to Mirol
[74]. In the cellular slime mould Dictyostelium, disrup-
tion of the single Miro gene (gemA) also impaired
growth [28]. Similarly, yeast containing a deletion of
Gemlp exhibited slow growth on minimal media [32].

Miro proteins facilitate bidirectional
microtubule-based mitochondrial transport

To adequately support the changing metabolic states of
a cell, mitochondria must be present at the proper intra-
cellular location, at the right time, and in appropriate
numbers. The necessary redistribution of mitochondria is
facilitated mainly by actin- and microtubule (MT)-based
mechanisms that mediate short- and long-distance trans-
port, respectively. Next to activating mechanisms,
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transport requires mechanisms that localize and/or tether
mitochondria to target sites of demand [75,76].

The critical role of Miro proteins and the associated
motor adaptor trafficking kinesin-binding proteins
(TRAKSs) for mitochondrial transport was first recog-
nized in Drosophila neurons. Independent genetic
screens identifying genes necessary for synaptic func-
tion discovered mutations in dMiro and the single
Drosophila TRAK ortholog Milton [33,77,78]. Loss of
either dMiro or Milton caused premature lethality,
impaired synaptic transmission, and disrupted the
mitochondrial distribution in neurons [33,78]. Soon
thereafter, Tom Schwarz and colleagues showed that
Milton links kinesin motors to dMiro anchored in the
OMM enabling MT-based mitochondrial transport
(Figure 2) [79].

Mammalian TRAK1/2 (also known as OGT
[O-GlcNAc transferase]-interacting protein 106 kDa
[OIP106] and GABA A receptor-interacting factor 1
[Grif-1/0IP98] [80,81];) bind to the nGTPase domain
of Miro 1/2 [31]. Both TRAKSs associate with KIF5
kinesin motors and dynein/dynactin motors (Figure 2)

IMM

OO X XXX I X X XX X
§55 8¢

MIB

OMM SAM

5 Sam50

PIPIP,
OOg

DO\
k‘a’%‘k/ )

‘.,‘ y ‘.‘..-’.f.-
SO

.é.é....a

forming a bidirectional Miro-TRAK-MT motor adaptor
complex [39,82-84]. TRAKI interacts with both kinesin
and dynein/dynactin and is most abundant in axons. In
contrast, TRAK2 predominantly interacts with dynein/
dynactin and is more abundant in dendrites [39].
Consistently, cell culture studies suggested that Mirol/
2 are interchangeable for bidirectional mitochondrial
transport [30,31,39,50,51,85,86].

Genetic studies using frame shift mutations (B682:
W105/stop; SD32: Y89/12 aa [33],) that severely truncate
dMiro and act like null mutations underscored the critical
role of dMiro for bidirectional MT-based mitochondrial
transport in both axons and dendrites of Drosophila
[33,52,57,87]. Similarly, mouse KO studies suggest that
Mirol is the main regulator of mitochondrial trafficking
in neurons [73,88]. In cultured hippocampal neurons of
Mirol KOs, both antero- and retrograde mitochondrial
transport were reduced in axons and dendrites [73]. In
contrast, KO of Miro2 had no substantial effect.
However, Miro2 overexpression partially restored mito-
chondrial trafficking defects in Mirol KO neurons.
Accordingly, Mirol can fully compensate the loss of
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Figure 2. Architecture of the basic Miro-TRAK motor adaptor complex. Miro-TRAK motor adaptor complexes orchestrate coordinated
transport of both mitochondrial membranes. Miro proteins are tail-anchored in the OMM and recruit TRAK proteins to mitochondria.
Miro and TRAK proteins interact with Kinesin motors while only TRAKs recruit dynein-dynactin motors. In addition, Miro links MT
motors to the OMM and IMM by interacting with components of MIB complexes, which consist of linked MICOS and SAM complexes
in the IMM and OMM, respectively. OGT associates with and post-translationally modifies TRAKs regulating transport.



Miro2 in neurons but Miro2 can’t do the reverse [73].
A similar dominant but not exclusive role of Mirol for
MT-based mitochondrial trafficking has been observed in
non-neuronal cells [38].

Genetic rescue studies provided insights into the
requirement of the two GTPase domains of Miro for
mitochondrial transport [57,62], even though the used
mutations are based on the potentially incorrect analogy
to the GTP hydrolysis mode of Ras [49], see section on
‘Miro’s atypical GTPase activity’. In both flies and mam-
mals, mutations in the nGTPase domain (dMiro-T25N,
Miro1-N18) supposedly mimicking GDP-bound Ras ren-
dered the expressed proteins unable to restore any kine-
sin- and dynein-dependent mitochondrial motility in
neurons lacking endogenous Miro [57,62]. Expression of
mutant dMiro containing an analogous mutation in the
c¢GTPase domain (T460N) restored kinesin-driven moti-
lity in axons but failed to fully restore dynein motility
[57]. Together, these data suggest that only the nGTPase
domain of Miro is critically required for both kinesin- and
dynein-driven motility.

Mutations in Miro’s nGTPase domain mimicking GTP-
bound Ras (dMiro-A20V, Mirol-V13) affected mitochon-
drial motility in fly and mammalian neurons differentially
[57,62]. dMiroA20V expression in dmiro nulls improved
only slightly both antero- and retrograde motility in axons.
However, dMiroA20V overexpression in wild type had
essentially the same effect reducing antero- and retrograde
motility to levels as dMiroA20V expression in dmiro nulls
[57]. Therefore, A20V is a neomorphic mutation whose
phenotypes are unlikely related to dMiro function [57]. In
contrast, an analogous mutation (V13) in human Mirol
restored anterograde mitochondrial transport after Mirol
KD but failed to restore retrograde motility [62]. Since
expression of Mirol-N18 failed to support antero- and
retrograde motility, the phenotypic effects of Mirol-A20V
are difficult to reconcile with a simple role of the nGTPase
domain switching between an antero- versus retrograde
mode of transport. A better understanding of the mechan-
ism underlying GTP hydrolysis of the nGTPase domain
may help the interpretation of Mirol-A20V phenotypes.

Miro KO studies also provided additional support
for the previously postulated differential role of
TRAK1/2 for bi-directional mitochondrial transport
[39]. In the presence of Mirol, TRAK2 overexpression
in mouse embryonic fibroblasts (MEFs) favoured retro-
grade transport and opposed kinesin-driven antero-
grade transport. However, in the absence of Mirol,
TRAK?2 favoured anterograde trafficking. Hence, this
suggests that TRAK2-mediated retrograde transport is
primarily facilitated by Mirol, and that Mirol dictates
and coordinates the engagement of mitochondria with
dynein and kinesin activities [38].
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Miro-TRAK complexes facilitate the concerted
transport of both mitochondrial membranes

Miro-TRAK motor adaptor complexes are coupled to
a higher order protein complex that links both mito-
chondrial membranes (Figure 2). This complex is
known as the mitochondrial intermembrane space
bridging complex (MIB) [89,90] and consists of the
mitochondrial contact site and cristae organizing sys-
tem (MICOS [91],) on the inner mitochondrial mem-
brane (IMM) and the sorting and assembly machinery
(SAM) on the OMM [89,92,93].

Mitofilin-containing MICOS complexes are enriched
at cristae junctions and maintain their architecture,
which is critical for mitochondrial metabolism, transla-
tion, respiration, and mtDNA stability [90]. SAM com-
plexes mediate the sorting and assembly of (-barrel
proteins into the OMM [94-96]. SAM50 is the central
component of SAM complexes and critical for the
linkage to MICOS complexes (Figure 2). Loss of
SAMS50 causes enlarged mitochondria with no visible
cristae, even though the levels of MICOS complex are
relatively preserved. Accordingly, an intact MIB com-
plex linking the OMM and IMM is necessary for form-
ing and/or maintaining cristae and normal
mitochondprial structure and function [89,97].

Mirol/2 copurified with MIB components in
extracts from Hela cells and mouse brains [98]. Super-
resolution imaging revealed that Mirol/2 form
nanoclusters of ~100 nm on mitochondria that are
associated with MICOS nanoclusters [98]. Mirol/2
DKO disrupted cristae architecture and the ‘discontin-
uous rail-like’ distribution of MICOS complexes on
mitochondria in MEFs. TRAK1/2 copurified with MIB
components only in the presence of Miro1/2, indicating
that Miro links motor proteins to both the OMM and
IMM (Figure 2). Accordingly, Miro-TRAK motor
adaptor complexes likely ensure that the pulling forces
generated by the motors are directly applied to mem-
brane-linking MIB complexes to ensure coordinated
transport of both mitochondrial ~membranes.
Consistent with this idea, mitochondria that were for-
cefully transported in the absence of the Miro-mediated
MIB link were almost devoid of MICOS clusters in
Mirol/2 DKO cells [98].

Regulation of Miro-dependent mitochondrial
transport by Ca**

Control of mitochondrial movement determines the intra-
cellular micro-environment in regard to energy, signalling,
metabolism, and Ca®* buffering [24,25,75,76,99]. To
achieve a proper distribution, the transport executing
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machinery must be coordinated with mechanisms that
activate transport in response to extra- and intracellular
signals, determine its direction, and terminate transport at
target sites of demand. Accumulating evidence suggests
that Miro proteins are not only indispensable factors
enabling mitochondrial motility but more importantly,
factors coordinating directed transport in response to cues
from mitochondria, the intra-, and the extracellular
environment.

Mitochondrial motility can be terminated by several
mechanisms including Ca®*-mediated inhibition of
motor activity [50,52], degradation of critical motor-
adaptor components [100], anchoring on MT by interac-
tions with syntaphilin [101], and anchoring by actin
microfilaments [102,103]. Substantial evidence supports
the notion that elevations of intracellular Ca** regulate
Miro-dependent MT-based transport in neurons and
non-neuronal cells [50-52]. The Ca** induced arrest of
bidirectional mitochondrial motility was suppressed by
mutations inhibiting Ca** binding by Miro’s EF hand
domains, indicating that Miro may act as a Ca®'-
dependent switch to position mitochondria to regions of
high Ca®" buffering and energy demands [50-53].

Three mechanisms have been proposed for the
Miro-mediated Ca**-induced arrest of mitochondrial
transport [86,104,105]. All models suggest that Ca**
binding to Miro’s EF-hands induces a change that
destabilizes the normal arrangement of the Miro-
TRAK-KIF5 complex. One model suggests that the
motor domain of kinesin disengages from MT and
associates with Ca**-bound Miro [52]. The second sug-
gests that kinesin stays engaged with MT but discon-
nects from the Miro-TRAK complex and thereby
mitochondria [86]. The third model suggests that MT-
engaged kinesin dissociates from the Miro-TRAK com-
plex to bind syntaphilin, which is bound to both MT
and mitochondria providing a static anchor [105].
However, it remains unclear how dynein motors are
controlled by any of these pathways.

Miro KO studies indicate that Miro1 is not essential for
Ca”*"-mediated arrest of mitochondrial motility in MEFs
or neurons [72,73]. Accordingly, additional Ca®" sensors
may exist arresting mitochondrial transport. Whether this
includes Miro2 despite its limited role for transport, intra-
mitochondrial Ca** sensors [53], or other extra-
mitochondrial sensors that interact with syntaphilin
[101,105] or other anchors remain to be determined.

Regulation of Miro-dependent mitochondrial
transport by glucose and oxygen deprivation

Glucose is the main carbon source for mitochondria-
derived ATP production by OXPHOS and mitochondrial

motility responds to changes in glucose availability and
hypoxia [106,107]. Increased extracellular glucose down-
regulates mitochondrial motility in axons of cultured
neurons [106], which is tied to the local activation of the
metabolic sensor AMP kinase (AMPK) causing increased
surface expression of glucose transporters [108,109].
Therefore, mitochondria can be positioned at locations
of increased intracellular glucose availability.

The effects of extracellular sucrose on mitochondrial
transport have been linked to the Miro-TRAK motor com-
plex [106]. The enzyme O-linked N-acetylglucosamine
(O-GIcNACc) transferase (OGT) catalyzes
O-GlcNAcylation of nuclear and cytoplasmic proteins
[110]. O-GlcNAcylation is essentially a sensor for the nutri-
ent flux through the hexosamine biosynthetic pathway,
which integrates glucose, amino acid, fatty acid and nucleo-
tide metabolism to generate the donor substrate for
O-GlcNAcylation. In addition to its dependence on nutri-
ent availability, O-GIcNAc signalling is sensitive to cellular
stress including heat shock and hypoxia [110].

Activation of OGT diminished mitochondrial motility
while OGT depletion enhanced mitochondrial motility in
both directions [106]. OGT associates with mammalian
TRAK1/2 and the fly ortholog Milton (Figure 2), which
are also all substrates for OGT and posttranslationally
modified by O-GIcNAc [79,81,84,106,111].  The
GlcNAcylation state of Milton is altered by extracellular
glucose and a required target for the OGT-mediated con-
trol of mitochondrial motility [106]. Hence, OGT adjusts
mitochondrial distributions in neurons in response to
nutrient availability by dynamically regulating TRAK/
Milton GIcNAcylation [106]. However, the precise
mechanism underlying the TRAK/Milton GlcNAcylation-
mediated arrest of transport is not yet fully understood.

Hypoxia imposes stress to cells and evokes cellular
responses mainly driven by the transcription factor
hypoxia-inducible factor la (HIF-1a) to enhance oxy-
gen delivery, maintain energy supply, and restructure
mitochondria to protect cells from oxidative damage
[112,113]. Extended exposure to hypoxia increased
mitochondrial content in axons of cultured cortical
neurons [107] and at synapses of hippocampal cells
after transient global ischaemia [114].

Long-lasting effects of hypoxia on mitochondrial
transport are at least in part mediated by the Hypoxia
up-regulated mitochondrial movement regulator
(HUMMR), an OMM protein that is upregulated by
HIFla in response to hypoxia [107]. HUMMR is asso-
ciated with Miro-TRAK complexes and its overexpres-
sion augmented the amount of TRAK2 associated with
mitochondria. KD of HUMMR during normoxia and
hypoxia diminished axonal mitochondria while KD of
its transcriptional regulator HIF-1a diminished axonal



mitochondria only during hypoxia. During hypoxia,
KD of HUMMR reduced antero- and increased retro-
grade mitochondrial transport. Therefore, HUMMR
promotes anterograde axonal transport of mitochon-
dria in response to hypoxia, potentially by altering
recruitment of TRAK2 or 1 through interactions with
Mirol/2 [107].

Regulation of Miro-dependent mitochondrial
transport by DISC1

A potentially complex mode of regulating Miro-dependent
mitochondrial dynamics has been uncovered by the inter-
action of Miro-TRAK motor complexes with ‘disrupted in
Schizophrenia 1’ (DISC1). DISC1 was originally identified
in a Scottish pedigree as a candidate susceptibility factor for
psychiatric disease [115,116]. Since then numerous DISC1
variants have been associated with schizophrenia, bipolar
disorder, major depression, and autism [117,118]. Even
though DISCI1 is no longer considered as a bona fide
common risk gene for DSM-diagnosed schizophrenia and
major depressive disorder, it is still regarded as a promising
lead to decode the biology of mental illnesses [119-123].

DISCI interacts with numerous proteins and likely
acts as a scaffold for multiple multiprotein complexes
facilitating neuronal development, intracellular signal-
ling, and trafficking of a wide range of potential cargoes
[124-126]. DISC1 is found at multiple subcellular com-
partments including synapses, centrosomes, nuclei, ER,
Golgi and mitochondria [118,127]. In neurons, DISC1
regulates mitochondrial transport, fusion, and cross-
talk with other organelles [128-133]. DISC1 is asso-
ciated with mitochondria in a discrete punctate pattern
[130] and interacts with a number of mitochondrial
proteins, including Mirol/2, TRAK1/2, syntaphilin,
the mitochondrial fusion proteins Mfnl/2, and the
MICOS component mitofilin in the IMM [129-133].

Association of DISC1 with Mirol and TRAKSs (Figure 3)
requires the DISCI head domain (residues 1-350)
[129,130]. The conserved arginine-rich motif (residues
32-50) of the head domain mediates both the nuclear
localization of DISC1 [134] and its association with
TRAKI [130]. The latter facilitates at least in part the
mitochondrial recruitment of DISC1 and its association
with Mirol [130]. However, it remains unclear whether
DISC1 interacts with TRAK1 directly [130]. The interaction
of TRAK2 with DISCI is likely independent of the TRAK2-
Mirol interaction since each is mediated by 2 different
physically separated domains of TRAK2 [129].

The association of DISC1 with the Miro-TRAK complex
promotes mitochondrial motility in axons and dendrites
[62,129-131,135] although the precise mechanism remains
to resolve. Uncoupling endogenous DISC1 from Miro-
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TRAK complexes by overexpressing an N-terminal
DISCI fragment containing the Miro-interacting domain
(DISC1 residues 1-301) reduced mitochondrial trafficking
in both axons and dendrites [129]. KD of DISC1 decreased
the amount of motile mitochondria in axons while over-
expression had the opposite effect and promoted antero-
grade movement at the expense of retrograde transport
[128-131]. Consistently, a number of disease-associated
DISCI1 variants also interfered with the ability of DISC1 to
promote anterograde transport [62,128-130].

Two of the disease-associated variants are of interest for
understanding DISC1-Miro-TRAK complexes [62,130].
The rare variant R37W in the arginine-rich motif of
DISC1 has been found in individuals diagnosed with schi-
zophrenia, depression, or anxiety [117,136]. R37W
increases both the association of DISC1 with TRAKI and
the recruitment of Kinesin-l to mitochondria.
Nevertheless, DISC1-R37W expression impairs mitochon-
drial transport and causes an abnormal perinuclear cluster-
ing of mitochondria, which is likely due to a severe
mislocalization of DISC1-37 W on mitochondria. Hence,
DISC1-R37W likely interferes with the overall architecture
of mitochondrial Miro-TRAK-DISC complexes [130].

The rare 4 nucleotide deletion at position 809 of the
DISC1 C-terminus causes a frameshift and was first
described in a kindred with schizophrenia and schizoaffec-
tive disorder [137]. The DISC1 frameshift mutant protein
colocalized with Mirol on mitochondria and neuronal
expression decreased anterograde, kinesin- but not retro-
grade, dynein-mediated trafficking of mitochondria [62].
This anterograde transport defect could be attenuated by
the co-expression of wild type Mirol and the presumed
constitutively active nGTPase variant (MiroV13) while
a loss of function variant of the nGTPase domain
(MiroN18) had no effect. Accordingly, this strengthens
the notion that DISCl may primarily drive Miro-
dependent anterograde transport [62,130].

Among the well-known DISC1 binding partners are the
MT motor regulators Lissencephaly 1 (LIS1), nuclear dis-
tribution element 1 (NDE1), its paralog NDE-like 1
(NDEL1), and glycogen synthase kinase-3p (GSK3p)
[125,126]. LIS1 interacts with KIF5B and is critical for
both antero- and retrograde mitochondrial transport in
axons [138]. LISI together with Ndell and NudCL associ-
ates with dynein complexes [138-140]. Both KD of Ndell
or NudCL reduced retro- but not anterograde transport
[138]. DKD of both Ndell and NudCL inhibited retrograde
transport in an additive manner, suggesting that Ndell and
NudCL act synergistically [138].

Both Gsk3p and Ndel copurified with Trakl together
with DISC1 (Figure 3), indicating that DISC1, NDEI1,
GSK3p, and TRAK1 may assemble in a complex that reg-
ulates mitochondrial trafficking [135]. Whether LISI and
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Dynactin

Figure 3. Architecture of Miro-TRAK-DISC scaffold complex.
Miro/TRAK complexes link mitochondria to kinesin and dynein-
dynactin motors. DISC1 robustly associates with TRAK1/2. NDE1
and GSK3B associate with TRAKs and DISC1. DISC1 scaffolds
comprised of NDET and GSK3f may associate with Miro-TRAK
motor complexes to modulate mitochondrial transport. Figure
was adapted with permission from [125].

NDELLI are also associated with this complex is not known.
Overexpression of NDE1 promoted retrograde mitochon-
drial motility in axons, which was inhibited by
a phosphomimic mutation that disrupts NDE1’s interac-
tion with LIS1 [135]. In contrast, GSK3p overexpression
increased anterograde axonal mitochondrial motility [135,-
141-143]. Notably, the common DISCI variant 607F abol-
ished DISCT’s ability to promote anterograde transport and
interfered with the GSK3p interaction [135,144]. Therefore,
a Miro-TRAK associated DISCI1 scaffold comprised of
NDE1 and GSK3p may organize antero- and retrograde
mitochondrial transport (Figure 3).

Miro-dependent arrest of mitochondrial
transport prior to mitophagy

Mitophagy clears cells of dysfunctional or superfluous
mitochondria to prevent a collapse of energy homoeostasis
and a plethora of cellular dysfunctions [145,146]. The phos-
phatase and tensin homologue (PTEN)-induced putative
kinase 1 (PINK1)-Parkin pathway facilitates ubiquitin-
dependent mitophagy of depolarized and damaged mito-
chondria [147]. To ensure proper mitophagic clearance,
multiple aspects of mitochondrial dynamics require coor-
dination including elimination of transport, fusion, and
contacts with the ER [146,147].

In response to mitochondrial depolarization, PINK1
accumulates on the OMM to phosphorylate Parkin and

ubiquitin that is linked to OMM proteins. This action
enables a positive feedback loop for the rapid recruit-
ment and activation of Parkin to ultimately ubiquiti-
nate and degrade a host of OMM proteins [146].
PINK1/Parkin-mediated degradation of Mfn1/2 [148]
and Miro [38,100] to block mitochondrial fusion and
transport is critical for efficient mitophagy, because it
provides smaller and immobile mitochondria for effi-
cient autophagic sequestration [146].

PINK1 associates with Miro proteins on damaged mito-
chondria (Figure 4), which are substrates of Pink1-Parkin-
mediated ubiquitination and degradation [100,149-152].
Mitochondrial damage triggers ubiquitination of Miro1/2
within minutes but proteasomal degradation occurs on
a slower time scale [153]. Notably, Miro2 protein levels
are maintained longer than Mirol levels, even when
PINK1 and Parkin are co-overexpressed [151,154]. The
differences in the degradation efficiency of the Miro para-
logs may be due to different properties of cGTPase domain
[48] and the predicted tetrameric structure Miro2 [155].
However, the role of Miro’s interactions with the Pinkl-
Parkin pathway are more complex than just degrading
Miro and arresting transport (Figure 4).

Miro phosphorylation likely regulates mitophagy in
complex ways. PINK1 phosphorylates Miro1 at residues
S156, T298, and T299 (Figure 1(a)) [100,156]. Even
though the requirement of PINK1 to phosphorylate
Miro at S156 remains controversial [150,151,153],
expression of phospho-mimetic Miro-S156 effectively
recruited Parkin but was insufficient to drive mito-
phagy [156]. In contrast, mimicking phosphorylation
of Miro on T298 and T299 inhibited Miro ubiquitina-
tion, Parkin recruitment, and suppressed the effects of
phospho-mimetic SI56E. Accordingly, the phosphory-
lation status of Miro may modulate Parkin levels and
activity on mitochondria regulating mitophagy [156].

Miro degradation on damaged mitochondria is
further promoted by the leucine-rich repeat kinase 2
(LRRK2), which associates with Mirol shortly after
depolarizing mitochondria in human iPSC-derived
neurons and fibroblast [157]. A common Parkinson’s
Disease (PD)-causing mutation, G2019S, in the Ser/Thr
kinase domain of LRRK2 impaired the association with
Mirol and delayed its removal from the OMM and the
subsequent initiation of mitophagy. However, LRRK2’s
kinase activity is not required for its interaction with
Miro or its degradation [157].

A large number of Parkin-dependent ubiquitination
sites of Miro proteins have been identified
[48,150,152,158], even though Parkin preferentially tar-
gets lysine K572 in Mirol’s cGTPase domain [48,150].
Moreover, multiple mono-ubiquitination sites and an
atypical lysine-27-mediated ubiquitin linkage on Mirol
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Mitophagy

Figure 4. Conceptual model of arresting MT-based mitochondrial transport to enable efficient mitophagy. Miro-TRAK complexes
facilitate transport of healthy mitochondria via kinesin and dynein. Under normal conditions, Miro is associated with a small pool of
Parkin. Following mitochondrial depolarization, PINK1 accumulates on the OMM, LRRK2 associates with Miro, and the small pool of
Parkin associated with Miro becomes activated to accelerate recruitment and activation of cytosolic Parkin if Miro is Ca**-bound to
remove an unknown constraint of Parkin recruitment. Subsequent proteasomal degradation of ubiquitinated Miro arrests mitochon-

drial transport and enables mitophagy to proceed efficiently.

suggest other roles of ubiquitination than just degrada-
tion [48,150,153]. Indeed, Miro is part of the Parkin
recruitment process to the OMM, as Mirol stabilizes
phospho-mutant versions of Parkin on the OMM [153].
Consistently, phosphorylated ubiquitin, which is neces-
sary for Parkin activation, and Mirol cooperatively
increased Parkin’s catalytic activity in vitro [159].

Miro proteins are likely Ca®*-dependent components of
mitochondrial Parkin recruitment complexes [55,155].
KDs of Mirol/2 in PC6 cells reduced PINKI-induced
translocation of cytosolic Parkin to mitochondria and
initiation of mitophagy [55]. Independent of PINK and
Parkin’s ubiquitin ligase activity, Mirol/2 overexpression
recruited Parkin to intact mitochondria without inducing
Miro degradation unless mitochondria were damaged and
Ca*" was elevated [55]. KD and overexpression of Miro2 in
MEFs had similar effects [155].

The weak recruitment of Parkin induced by Mirol over-
expression in the absence of mitochondrial damage did not
require ubiquitination of K572 in Mirol [55], which is
preferred by Parkin [48,150]. However, ubiquitination of
K572 and Ca”** binding by Miro’s EF Hands was required
for the strong Parkin recruitment in response to mitochon-
drial damage and the subsequent degradation of Mirol
[55]. Ca®* binding likely removes a constraint preventing
access of Parkin to its preferred lysine(s) and/or enables the
phosphorylation of Miro-bound ubiquitin. Consistently,
EF-hand mutant Mirol protected neuronal mitochondria
from excitotoxicity-induced mitophagy [55]. Miro2-
dependent Parkin translocation to damaged mitochondria
also required Ca*t binding, as well as PINKI-mediated
phosphorylation of serines 325/430 [155]. Hence, Parkin
recruitment to mitochondria is a two-step process (Figure
4): Mirol likely associates a small pool of Parkin on healthy
mitochondria that accelerates activation and recruitment of
Parkin once mitochondria are damaged and Miro is Ca**-
bound. Thereby, Mirol may serve as a Ca**-dependent
docking site and safety switch for Parkin recruitment [55].

Regulation of Miro-mediated mitochondrial
transport by acetylation in response to
extracellular cues

Myelin-associated glycoprotein (MAG) and chondroitin
sulphate proteoglycans (CSPGs) in the extracellular matrix
activate signalling of RhoA and its downstream Rho-
associated protein kinase (ROCK) triggering actin depoly-
merization and growth cone collapse, which may prevent
axon regeneration after spinal cord injury and brain trauma
[160]. Remarkably, MAG and CSPGs also downregulate
the mitochondrial membrane potential and axonal trans-
port of mitochondria by targeting the acetylation state of
Mirol through a RhoA-dependent mechanism [161].

Protein acetylome profiles from non-neuronal cells sug-
gested that Miro1/2 and Milton 1/2 are acetylated. Human
Mirol can be acetylated at three separate sites in the
nGTPase domain, the cGTPase domain, and just after the
TM domain (Figure 1(a)) [162,163]. In rat Mirol, these
acetylation sites correspond to residues K105, K525, and
K629. Mutating the acetylation site in the nGTPase domain
(K105A) blocked acetylation of rat Miro entirely in DRG
neurons [161]. Exposing DRG neurons to bath-applied
CSPGs (aggrecan) or increasing cytosolic Ca** decreased
acetylation of Mirol at K105. Moreover, Mirol copurified
with HDACS6 and vice versa, indicating that both proteins
interact in a common complex [161].

Activation of RhoA by CSPG and MAG increased
cytosolic Ca** levels and caused a subsequent Ca**-
dependent activation of HDAC6 to deacetylate Mirol
[161]. The acetyl-mimetic mutation K105Q in Mirol
prevented both the decrease in mitochondrial transport
and membrane potential in response to CPSG exposure
or activation of RhoA. Interestingly, mutations in
Mirol’s EF hands abolishing Ca** binding also pre-
vented the CSPG-effects, indicating that acetylation at
K105 may contribute to Mirol’s Ca®* sensitivity.
Consistently, the acetyl-mimetic mutation K105Q in
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Mirol prevented arrest of mitochondrial transport and
the abnormal membrane potential induced by elevated
cytosolic Ca*" levels [161].

The Mirol-dependent effect on the mitochondrial
membrane potential may be linked to Mirol’s interac-
tion with the mitochondrial Ca** uniporter (MCU),
which is required for Mirol-dependent mitochondrial
transport of mitochondria [164]. Importantly, lysines
K105 of rodent and K92 of human Mirol do not
correspond to sites of Mirol ubiquitination [48,150],
indicating that acetylation of K105 (or K92) may not
interfere with ubiquitination [161]. Since the critical
K105 acetylation site is located on Mirol’s nGTPase
domain, it is possible that K105 acetylation alters
Miro’s GTPase activity but whether this is the case
and how K105 acetylation might affect Miro’s Ca**
sensitivity remains to be determined.

Regulation of Miro-dependent mitochondrial
transport by armadillo repeat-containing
proteins

A cluster of armadillo (Arm) repeat-containing genes
located on the X chromosome (Armcx) encodes
a Eutherian-specific family of proteins, which likely
provide regulatory layers to mitochondrial dynamics
that are unique to placental mammals [165]. The gene
cluster arose by retrotransposition from the vertebrate-
specific Armcl0 gene and subsequent tandem duplica-
tions of the evolving Eutherian X chromosome. The
gene cluster encodes six paralogs, named Armcx1-6/
Alex1-6 [165]. All Armcx/Armcl0 proteins contain up
to six Arm repeats and putative mitochondrial targeting
as well as nuclear localization motifs [165]. Armcl0
protein is mostly localized to nuclei and mitochondria
[166]. Armcx1, 2, 3, and 6 proteins localize mainly to
mitochondria and their overexpression affects mito-
chondrial networks to various degrees [165-167].
Armcxl, Armcx3, and Armcl0 proteins interact
with Miro-TRAK complexes [165-167]. For Armcx3
this  interaction depends on Ca®*  [165].
Overexpression of Armcx3/Alex3 in HEK293 cells or
hippocampal neurons reduced the number of motile
mitochondria and caused perinuclear mitochondrial
aggregations. The latter effect was neither linked to
mitochondrial fusion nor Mirol. KD of Armcx3
reduced mitochondrial size and the amount of both
antero- and retrogradely transported mitochondria
without affecting velocity or the distance of individual
movements [165]. Overexpression and KD of Armcx10
had similar effects on transport [166]. However, in
contrast to Armcx3, Armcx10 also regulates mitochon-
drial fission and fusion, likely under the control of

AMP-activated protein kinase [168]. Both, the overex-
pression phenotypes of Armcx1 and -3 might be due to
a dominant negative effect [165,166].

Armcx1l overexpression increased the amount of
motile mitochondria without affecting mitochondrial
density, indicating that it may recruit stationary mito-
chondria into a motile pool [167]. Intriguingly, Armcx1
overexpression also promoted axon regeneration and
neuronal survival. Both effects required a mitochondrial
localization of Armcxl. Furthermore, KD of Armcxl
decreased the regeneration capacity of the co-deletion
PTEN and SOCS3 (dKO) model [167]. Since the regula-
tion of mitochondrial transport by Armcx1 is linked to
the regeneration ability of axons, a better understanding
of this link might provide an option to counteract axonal
degeneration [167]. As Armcx1-6 proteins provide
a critical regulatory specialization of mitochondrial
dynamics demanded by the Eutherian CNS, a better
understanding of the mechanisms underlying their action
may shed significant insight into the complex link
between failure of mitochondrial transport and neurode-
generation, which is observed in many human dis-
eases [169].

Other modes of regulating Miro-dependent
mitochondrial transport

The GEF GBFI in conjunction with Arfl may control
the direction of Miro-dependent MT-based mitochon-
drial transport [68]. GBF1-mediated activation of the
small G protein Arfl is known to regulate retrograde
vesicular transport from the cis-Golgi to the ER
[170,171]. Both GBF1 and Arfl also regulate the spatial
organization of mitochondria in a MT-dependent man-
ner [68]. Inhibition of GBF1 or inhibition of Arfl
activation caused an accumulation of mitochondria
close to the centrosome. Strikingly, inhibition of
GBF1 exclusively doubled the time mitochondria
engaged in retrograde movement. KD of Miro2 or
inhibition of cytoplasmic dynein activity blocked the
GBF1-dependent repositioning of mitochondria
towards the centrosome [68]. However, how the GBF1-
Arfl-Miro2-mediated control of dynein engagement is
mechanistically achieved remains unknown.
Miro-mediated mitochondrial transport requires
a regulated interaction with the Ca®" uniporter MCU
[164], which facilitates Ca®* uptake into the mitochon-
drial matrix [172]. Inhibiting MCU delayed Ca**-induced
arrest of mitochondrial transport while activation of
MCU was sufficient to arrest mitochondrial transport
[53]. Strikingly, mutations in Miro1’s EF hands reduced
mitochondrial Ca®" levels in response to elevated Ca*"
cytosolic levels [53]. MCU copurified with Mirol through



the first 57 residues at its N-terminus [164]. KD of MCU
reduced the velocity of motile mitochondria in axons,
which was restored by co-expression of full-length
MCU. Deletion of the Miro interaction domain of MCU
prevented this rescue. On the other hand, proteolytic
cleavage of the N-terminal domain was required for effi-
cient MCU-mediated Ca®* uptake. Accordingly, disrupt-
ing the MCU-Mirol interaction downregulated
mitochondrial transport while efficient mitochondrial
Ca®" uptake was promoted [164]. Since MCU-mediated
Ca”" signalling is a critical function of mito-ER contacts
[172], it is reasonable to speculate that uncoupling of the
MCU-Mirol interaction may be used to arrest transport
in order to promote stable mito-ER tethering (Figure 6).

The mitochondrial fusion proteins Mfnl/2 both
interact with Miro1/2 and TRAK 1/2 [173]. Dominant
mutations in human Mfn2 cause the neurodegenerative
disease Charcot-Marie-Tooth 2A [174]. Disease-
causing Mfn2 mutations as well as KO of Mfn2
impaired the mitochondrial distribution and mobility
in axons [173,175,176]. Specifically, the mutations
increased the short pause time of motile mitochondria
causing a slowing of antero- and retrograde net move-
ments [173]. KD of Miro2 had similar effects [173].
However, whether and how Mfn2 requires Miro-TRAK
complexes controlling transport remains unclear.
Alternatively, Mfn2 may control mitochondrial trans-
port independent of Miro-TRAK (see, Miro-
independent transport). In addition, the Miro-TRAK
interaction with Mfns may modulate mitochondrial
fusion or mito-ER contacts.

Phosphorylation  regulating ~ Miro-function  is
mediated by at least 2 kinases. The kinase Polo phos-
phorylates dMiro at S66 (S59 in Mirol, Figure 1(a))
regulating mitochondria-ER tethering [47]. The kinase
PINK1 phosphorylates Miro at several positions (Figure
1(a)), which causes degradation of Miro arresting mito-
chondrial transport prior to mitophagy (Figure 4
[100,156];). However, whether phosphorylation of
Miro by other kinases like GSK3 modulates mitochon-
drial transport dynamics is not known.

Miro-independent transport of mitochondria

Despite the prevailing notion that Miro1/2 are the only
obligate acceptor sites on the OMM for MT-based
transport of mitochondria, Mirol/2 DKOs revealed
that ~30% of MT-dependent mitochondrial movements
are still occurring in MEFs [38]. Moreover, TRAK1/2 as
well as kinesin and dynein motors were still partially
associated with mitochondria, and TRAK/KIF5 over-
expression-enhanced anterograde transport [38].
Hence, there are clearly Miro-independent pathways
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facilitating attachment of TRAK adaptor motor com-
plexes to the OMM [38].

The mechanisms underlying Miro-independent MT-
based mitochondrial transport remain controversial.
Next to Miro proteins, syntabulin potentially provides
a mitochondrial anchor recruiting KIF5 motors by
directly interacting with KIF5’s cargo-binding domain
[177,178]. Mfn1/2 are also potential candidates. Both
co-immunopurified with mammalian TRAK1/2 and
Mirol/2 complexes [173,179]. At least Mfn2 is required
for mitochondrial transport since its loss selectively
disrupted bidirectional axonal mitochondrial transport,
even though Miro was present [173]. Notably, the
interaction of Mfnl with TRAK2 was enhanced in
MEFs of Miro DKOs while the interaction with
TRAKI1 was not affected [38]. In addition, fasciculation
and elongation protein-1 (FEZ-1) localizes to mito-
chondria and may enable transport potentially through
a direct interaction with KIF5 [180]. At least in non-
neuronal cells, RNA-binding protein 2 (RanBP2) co-
localized and interacted with KIF5B/C regulating
mitochondrial transport [181,182].

Miro’s role for actin-based mitochondrial
transport

Next to MT-based mitochondria motility, Miro proteins
are also required for actin-based motility, and at least
Miro2 may coordinate actin- versus MT-based transport.
Actin-based mitochondrial motility is mediated by the
motor myosin XIX (Myol9), which is critical for
a proper mitochondrial distribution in neurons [183].

Myo19 consists of a head domain, a neck region, and
a short tail (Figure 5). The head domain is an actin-
activated, plus-end directed ATPase motor domain,
which is attached to F-actin [184,185]. The tail domain
mediates mitochondrial targeting [183], which requires
a short lipid-binding motif (aa 860-890) to associate
with the OMM [186,187]. Interestingly, Miro 1/2 inter-
act with the Myol9 tail domain through a motif (aa
898-970) that is just beyond the lipid-binding motif at
the extreme C-terminus [38,60,188].

Mirol/2 are critical for the recruitment of Myol9 to
mitochondria and its subsequent protection from pro-
teasomal degradation [38,60,188]. Consistently, KO of
Miro2 reduced overall and mitochondrial levels of
Myol9. This effect was further pronounced by the
Mirol/2 DKO, and driven by a proteasomal degrada-
tion of the cytoplasmic Myo19 pool [38]. Expression of
normal Miro in DKO cells restored the mitochondrial
pool of Myo19 but not the expression of cytosolic Miro
proteins lacking the TM domain [38]. KD of Mirol/2
in Hela cells caused similar effects [60]. Accordingly,
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Figure 5. Miro-dependent mitochondrial recruitment and stabilization of actin motors. The actin motor Myo19 consists of a head
domain (bright green), a neck region, and a short tail (yellow-green), which contains a lipid binding motif to associate with the
OMM, and a Miro1/2 binding motif at the extreme C-terminus. In the absence of Miro interactions, Myo19 insertions into the OMM
are rare and proteasomal Myo19 degradation is favoured (a). Interactions with Miro link Myo19 to mitochondria and increase the
probability of inserting the lipid binding motif into the OMM (b). Miro interactions and/or OMM insertions then protect Myo19 from
proteasomal degradation. Figure was adapted with permission from [188].
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Figure 6. Miro-dependent stabilization of mitochondria-ER contact sites. Ca®* released from the ER through IP;Rs can be seques-
tered at mito-ER contacts into the mitochondrial matrix through VDAC in the OMM and the GRP75-linked MCU in the IMM. Polo
kinase-mediated phosphorylation of Miro (dMiro: S66; human Miro1: S59) promotes its interaction with mito-ER contacts and
regulates their structural integrity. Figure was adapted with permission from [47].

Miro1/2 are receptors for Myol9’s mitochondrial asso- Notably, small amounts of ectopically expressed
ciation, which then protects mitochondrial Myo19 from ~ Myol9 were still associated with mitochondria in
degradation [38,60]. Miro DKO MEFs [38]. Consistently, ectopic expression



of Myol9 constructs lacking the Miro-interaction
domain localized to mitochondria [186,187], likely
through the lipid-binding motif. If so, mitochondria-
associated Myol9, and not necessarily Miro-associated
Myo19, may be less susceptible to proteasomal degra-
dation. Consistently, the Miro-dependent and -
independent mitochondrial targeting sites in the
Myo19 tail are functionally distinct [188]. At least the
Miro2 interaction domain in the last 72 amino acids of
Myo19 mediated a faster-exchanging, higher mobility
interaction than the interaction mediated by the mem-
brane-inserting a-helix motif [188]. Accordingly, Miro
interactions may increase the proximity of Myol9 to
the OMM favouring membrane insertion [188]. While
this conceptual model (Figure 5) can explain how
Miro2-Myol9 interactions may facilitate membrane
insertion and prevent Myol9 degradation, it does not
address how actin-mediated transport can be prevented
during MT-mediated transport.

Miro proteins determine the cytoskeletal mode of
mitochondrial transport but how this is regulated
remains controversial. Both overexpression and KD of
Myo19 in Hela cells induced a perinuclear collapse of
the mitochondrial network. Since this effect was essen-
tially phenocopied by KDs of Mirol1/2 or KD of Kif5B
[60], the collapse may be due to a competition between
cytoskeletal modes of transport. Consistent with this
notion, both full-length TRAK1/2 and C-terminal
TRAK fragments harbouring the Miro-binding domain
competed with Myol9 for binding to Mirol/2 [60].
Moreover, Myol9 binding to Miro2 required two con-
served short acid patches in the nGTPase domain, one
in switch I and one in switch II [188]. The surface
location of these patches likely depends on the GTP/
GDP-bound state since the surface loops of both
switches are only positioned in close proximity in the
GTP-bound state [56,189].

Pending a better understanding of Miro’s controver-
sial GTPase activity, genetic analyses do not support the
idea that a GTP/GDP switch governs actin- versus MT-
motility. A point mutation (T18N) in Miro2’s nGTPase
domain that in analogy to Ras GTPases is predicted to
induce a constitutively GDP-bound or nucleotide-free
state failed to restore normal Myo19 levels in response
to KD of Mirol/2 [60] and disrupted the kinetics of
Myo19 binding to Miro2 [188]. Miro1-N18 expression
was also unable to restore MT-dependent mitochon-
drial motility in neurons lacking endogenous Miro
[62]. Similarly, the analogous mutation (T25N) in
dMiro also blocked MT-dependent mitochondrial
transport [57]. Moreover, T18N in human Mirol did
not abolish the co-purification of TRAK1/2 or Mirol-
mediated recruitment of ectopically expressed TRAK2
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[31,86]. Accordingly, additional factors are likely
needed to coordinate actin- and MT-based motility of
mitochondria.

Miro’s role for inter-cellular transport of
mitochondria

Tunnelling nanotubes (TNT) are cytoplasmic exten-
sions connecting distant cells, and are about
50-200 nm in diameter and up to several cell diameters
long [190]. TNTs form among several cell types, includ-
ing neurons, and facilitate exchange of intercellular
signals, molecules, pathogens, mitochondria, lysosomes
and various types of vesicles. TNT-mediated cell-to-cell
transfer of mitochondria may promote bioenergetics
and cell survival when mitochondria in recipient cells
are damaged and face oxidative stress [191,192].

Cultured immature hippocampal neurons form TNTs
with astrocytes that exist for ~15 minutes and contain
MTs and to some degree F-actin [193]. TNT formation is
also induced in cultures of mature astrocytes and neurons
by H,O, treatment or serum depletion, which is a stress
response since stressed cells always develop TNTs
towards unstressed cells [194]. Mirol promotes intercel-
lular mitochondrial movement from mesenchymal stem
cells (MSCs) to epithelial cells [195]. Overexpression of
Mirol in MSCs treated with rotenone, an electron com-
plex I inhibitor, enhanced mitochondrial transfer and
reversed airway hyper-responsiveness to allergen-
induced asthma. However, KD of Mirol had no adverse
effect on mitochondrial transfer [195]. Hence, a critical
role of Miro for TNT-mediated mitochondrial transport
remains to be established.

Miro’s role for mitochondrial fusion and fission
dynamics

Mitochondria can have a variety of shapes, ranging
from small spheres to interconnected tubular networks.
These shapes are controlled by mitochondrial fusion
and fission mechanisms that, when balanced, confer
widespread benefits ensuring proper mitochondrial
inheritance, health, and function [10,196]. The molecu-
lar machines underlying fission and fusion are dyna-
min-related GTPases: dynamin-related protein 1
(Drpl) drives mitochondrial fission while Mfn1/2 and
optic atrophy 1 (Opal) mediate fusion of the OMM
and IMM, respectively [10,196].

Mitochondrial transport is linked to mitochondrial
fusion and fission, which is most evident in neurons
due to their polarized structure [197-199]. Loss of
Drpl, Mfn, or Opal depletes mitochondria from
axons and dendrites [200-210]. Reciprocally, mutations
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of Miro and TRAK proteins affect mitochondrial shape.
Importantly, disturbing the balance of fusion and fis-
sion perturbs both mitochondrial shape and function,
but only mitochondrial shape is critical for a proper
axonal distribution of mitochondria [211].

Deletion of Miro in yeast affects mitochondrial mor-
phology without disrupting their fusion or fission [32].
However, in higher eukaryotes Miro is required to
maintain a normal balance of fusion and fission.
Overexpression of Miro proteins elongated mitochon-
dria in fly axons, COS-7 cells, H9¢2 cells, and dendrites
of cultured pyramidal neurons [30,31,51,87]. Deletion
of dMiro reduced mitochondrial size in axons and
muscles [61,87] similar to the KD of mammalian
Miro’s in H9c2 cells [51]. While mitochondria in
MEFs from individual mouse KOs of Mirol/2 were
normal, DKO of Miro1/2 fragmented tubular and inter-
connected mitochondria into short and round mito-
chondria [38]. Effects on mitochondrial shape were
also observed by mutating TRAK proteins [61,212,213].

Miro’s control of mitochondrial shape requires the
nGTPase and EF hand domains. The mutation T18N in
Miro’s nGTPase domain caused a fragmentation of
mitochondria instead of elongating them like overex-
pression of wild type Miro1/2 in COS-7 and H9c2 cells
[30,31,51]. Expression of an analogous mutation in fly
dMiro (T25N) in the absence of wild type dMiro frag-
mented mitochondria in axons while a corresponding
mutation in the cGTPase domain (T460N) had no effect
[57]. Mutations abolishing Ca®" binding by Miro’s EF
hands suppressed the elongation of mitochondria
induced by Miro1/2 overexpression in cultured neurons,
indicating an inhibitory role of Ca®" [51].

Miro proteins modulate mitochondrial size by inhi-
biting the fission factor Drpl [51], a function that is
conserved for peroxisomes [214]. Co-overexpression of
dominant-negative Drpl (Drpl-K38A) prevented the
mitochondrial fragmentation induced by overexpres-
sion of T18N-mutant Miro 1/2 in H9¢2 cells, indicating
that Miro proteins may inhibit downstream Drpl [51].
Consistently, loss of Drpl restored the short size of
mitochondria induced by KD of dMiro [61] and direct
fusion/fission assays indicated that Miro proteins sup-
press fission [51].

To execute fission, Drpl is recruited from the cyto-
plasm by the receptors Fisl and Mff [10,196]. Proximity
ligation assays monitoring the Drp1-Fisl interaction in
Miro 1/2 DKO MEFs revealed an abnormal increase in
Drpl-Fisl interactions in DKO cells, which was
restored by expression of Mirol [214]. Consistently,
mitochondria-associated Drpl was increased in Miro
DKO MEFs. Taken together, Miro proteins control
mitochondrial fission by negatively regulating the

recruitment of Drpl by Fisl receptors [214]. This inhi-
bitory control of fission by Miro is likely eliminated by
high intracellular Ca** levels [51], even though this has
not been directly tested.

The inhibitory control of mitochondrial fission by
Miro proteins is promoted by the Miro-associated aty-
pical GEF RAP1GDS [61]. Both RAPIGDS and the
Drosophila orthologue Vimar control mitochondrial
shape [61]. Loss of Vimar suppressed the mitochondrial
enlargement induced by dMiro overexpression and
Vimar overexpression had the opposite effect. While
genetic interactions between Vimar and dMiro were
disrupted by a dysfunctional nGTPase domain of
dMiro, association of Vimar was not [61]. However, it
remains unclear whether Vimar indeed controls the
GTPase activity of Miro or, alternatively, the GTPase
activity of Drpl.

Notably, Miro proteins are also required for two poorly
understood mechanisms of mitochondrial dynamics that
govern mitochondrial shape. In C. elegans and zebrafish,
epidermal injury triggers a rapid elevation of cytosolic Ca®
" that causes a reversible fragmentation of mitochondria,
which then promotes tissue repair [215-217]. At least in
C. elegans, wounding-induced mitochondrial fragmenta-
tion (WIMF) is independent of Drp1 but requires Mirol-
mediated Ca** signalling through its EF hand domains
[54]. Similarly, in HeLa and MEF cells elevated cytosolic
Ca®* induces a mitochondrial shape transition (MiST)
that is dependent on Mirol but independent of DRP1
and mitochondrial Ca®* uptake by MCU [218]. Ca**-
induced MiST does not require Miro2 but exclusively
depends on the first EF hand domain of Mirol. Hence,
Miro 1 likely provides a Ca**- sensor for shape transitions
that are is essential for quality control and autophagy
[218]. Currently, it is unclear whether WIMF and MiST
share additional common mechanisms, especially because
Ca**-induced MiST occurs over minutes while WIMF
occurs within seconds [54,218].

Whether and how the Miro-TRAK complex may reg-
ulate mitochondrial fusion is not entirely clear. While the
fusion proteins Mfn1/2 both interact with Mirol/2 and
TRAK 1/2 [173], it remains unclear how this interaction
modulates fusion, if at all. Another possibility could be
that fusion is modulated through interactions with the
Miro-TRAK-associated DISC1 scaffold [129,130]. DISC1
associates with both Mfn1/2 [129] and expression of full-
length DISC1 in COS-7 cells or truncated forms contain-
ing only the DISC1 head domain induced tubular ring or
lariat-like mitochondrial shapes [219]. Ectopic expression
of the head domain or the DISC1-Boymaw fusion protein
in neurons shortened mitochondria, which at least for the
DISC1-Boymaw protein was likely due to a decreased
mitochondrial fusion activity [129]. However, the disease-



associated DISCI1-Boymaw protein is the result of
a balanced chromosomal translocation, which fuses
a truncated DISC1 protein to a protein encoded by the
Boymaw gene [115]. Boymaw encodes a small mitochon-
drial protein whose overexpression inhibits oxidoreduc-
tase activity, rRNA expression, and protein translation
[220]. Hence, it remains to be determined whether the
effects of the DISC1-Boymaw protein on mitochondrial
fission also applies to normal DISCI function.

A critical role for mitochondrial fusion has so far
only been demonstrated for TRAKI1 [179]. KD of
TRAKI in Hela cells caused mitochondrial fragmenta-
tion while overexpression elongated mitochondria.
Consistently, endogenous TRAKI1 copurified and colo-
calized on the OMM with Mfn1/2 but not with Drpl.
Overexpression of Mfns or dominant-negative DRP1-
K38A in TRAKI KD Hela cells failed to elongate mito-
chondria, indicating that TRAKI is required for Mfn-
mediated fusion. TRAK1 overexpression in MEFs of
Minl1/2 DKOs failed to attenuate mitochondrial frag-
mentation. Further analysis suggested that TRAK1 may
act as a membrane tethering factor together with Mfns
[179]. Notably, a hypertonia-inducing truncation of
TRAKI [221] impaired TRAK1’s mitochondrial locali-
zation and its ability to facilitate mitochondrial
fusion [179].

Miro regulates peroxisomal dynamics

The interconnectivity of mitochondria and peroxisomes
also extends to a number of proteins including fission
proteins, Mirol/2 and others [13,214,222-224]. The
Mirol gene expresses 4 different protein isoforms (variant
1-4; Figure 1(b)) due to the alternative mRNA splicing of
exons 19 and 20, which causes small insertions of 32 and
41 residues just before the TM domain (Figure 1(b)),
respectively [224]. The presence of the 32 residue inser-
tion in variants 4 and 2 confers a preferred peroxisomal
localization in Hela cells, which is dependent on the TM
domain and interactions of the inserted sequence with
Pex19 [224] to facilitate peroxisomal tail-anchoring of
Miro [225]. However, Miro1/2 lacking the exon 19 insert
also localized to peroxisomes in MEFs, which required
only the TM domain for Pex19 binding [214].
Peroxisomal motility includes oscillations, short-,
and long-range motions but only 10-15% of all peroxi-
somes move along MTs [26]. Ectopically expressed
Mirol variant 4 caused a MT-dependent redistribution
of peroxisomes in Hela cells and increased the fre-
quency of directional movements dependent on the
nGTPase domain [224]. KD of all Mirol variants
reduced the frequency of long directional peroxisome
movements and re-expression of individual variants 2
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and 4 increased the frequency beyond control levels
[224]. However, long-range peroxisomal trafficking
and distribution was normal in MEFs from Mirol/2
DKO animals [214]. Instead, Miro2 KO and Mirol/2
DKO MEFs exhibited a reduced short-range motility of
peroxisomes, which was associated with ER oscillations
but did not depend on MT or actin [214]. While the
causality and mechanism of this movement are not
known, it could be a downstream effect of ER-
tethered Miro2 (see below).

Peroxisomal shape is dynamic and can be rapidly
adjusted through a fission machinery that partially
overlaps with that of mitochondria [13,226]. Similar
to Miro’s role promoting elongated mitochondria
[38,51], Miro is also required for the control of perox-
isomal size, number and morphology. Mechanistically,
Miro affects both peroxisomal and mitochondrial fis-
sion in a similar manner by negatively regulating the
recruitment of Drpl by the Fisl receptor [214].
Notably, in a subset of Mirol variant 4-expressing
cells peroxisomes formed a long, reticulated network
indicative of blocked fission phenotypes [222]. This
effect may be linked to the proposed role of Mirol
promoting peroxisomal division and proliferation by
elongating peroxisomes through MT-coupling [18,222].

Miro’s role for mitochondrial-ER contact sites

Nanoscale-sized contacts tethering mitochondria with the
ER play a critical role for ion and lipid transfer, signalling,
cell survival, and membrane dynamics [227,228]. Proteins
of the ER-mitochondria encounter structure (ERMES)
tether ER and mitochondrial membranes in yeast [229]
but ERMES proteins have no mammalian orthologues. In
mammals, a growing list of protein complexes has been
proposed to act as tethers, contributors, regulators or
resident proteins of mitochondria-ER (mito-ER) contact
sites. Next to proteins, membrane stalks may also link ER
and mitochondrial membranes for inter-organellar lipid
exchange [227,228].

A key role of mito-ER contacts is reciprocal Ca**
exchange between the two organelles [172].
Mitochondrial Ca** uptake in response to Ca*" release
from ER stores requires a close apposition of inositol
1,4,5-trisphosphate receptors (IP;Rs) on the ER and
voltage-dependent anion channels (VDACs) on the
OMM, which is facilitated by glucose-regulated pro-
tein75 kDa (GRP75; Figure 6). This architecture enables
the MCU on the IMM to rapidly accumulate Ca** into
the matrix, which needs tight regulation since excessive
Ca®* uptake can trigger opening of the mitochondrial
permeability transition pore and pro-apoptotic signal-
ling [172].
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Miro proteins of yeast, plants, Drosophila, and mam-
mals are associated with components of mito-ER con-
tacts [59,98,230,231]. In yeast, Gemlp regulates the
number and size of ERMES complexes [59]. Its
ERMES association depends on the nGTPase domain
and Ca®*-binding by the first EF-hand domain. Once
ERMES bound, Gemlp promotes phospholipid
exchange, which requires its cGTPase domain [59]. In
addition, Gemlp promotes ER-associated mitochon-
drial fission [232].

ER tubules define the position of fission by wrapping
around mitochondria before fission occurs [233]. After
fission, Gemlp foci segregated to only one tip, similar
to ERMES [232]. In the absence of Gem1p, the majority
of ERMES-marked mitochondrial constriction sites
typically persisted for minutes while they were resolved
in wild type cells within seconds. Hence, Gemlp is
likely required for the resolution of fission sites and/
or the subsequent segregation of mitochondrial tips
[232]. Whether Gemlp directs ERMES function,
instructs ER factors, modulates fission, or performs
other roles remains to be determined.

In Drosophila and mammalian neural stem cells,
Miro proteins play a non-canonical role in regulating
Mito-ER contacts and mitochondrial Ca*" levels [47].
dMiro copurified with components of mito-ER contacts
including VDAC and Mfn [47]. Loss of dMiro depleted
mitochondria of Ca®*, reduced ATP synthesis, and
impaired cell growth of neural stem cells. In contrast,
dMiro overexpression caused mitochondrial Ca** over-
load, oxidative stress, and apoptotic activation. Genetic
interactions between mutations in dMiro and IP;Rs,
VDAC, or MCU counteract deficits induced by loss of
dMiro, indicating that Miro mediates Ca** transfer
from the ER to mitochondria [47].

dMiro’s association with mito-ER contact components
is modulated by Polo (Figure 6), the fly ortholog of Polo-
like kinase 1 (PLK1). Polo phosphorylates dMiro at
a conserved site (S66; S59 in human, Figure 1(a)) in the
nGTPase domain, enhancing the integrity of mito-ER
tethering. Polo-Miro signalling is likely conserved in mam-
mals since the association of mitochondria with the ER in
Hela cells was increased by human Mirol expression but
not when S59 was substituted with alanine [47].

Mammalian Miro proteins are required for the for-
mation and functionality of mito-ER contacts [98]. Loss
of Miro proteins in Mirol/2 DKOs MEFs decreased
mito-ER contacts and caused a likely compensatory
increase of IP;Rs on the ER [98]. Consistently, Mirol
can directly interact with MCU and ablation of Mirol’s
Ca®" binding reduced mitochondrial Ca** levels
[53,164]. In addition, Miro interacts with the mito-ER
components Mfn2 and DISCI [127,129,132,173], which

may promote mito-ER contact formation [129]. Miro’s
role regulating mito-ER contacts could be linked to its
interaction with MIB complexes [98], as it was sug-
gested for Gemlp, ERMES and MICOS in yeast [234].
However, to what degree this is also the case in mam-
mals remains to be determined as well as the mito-ER
targets of Miro regulation.

Miro’s emerging roles in disease

Mitochondrial dysfunction, changes in mitochondrial
fusion and fission, mobility, and clearance are part of
the pathology of a number of metabolic, neurological,
neuropsychiatric, and neurodegenerative disorders
[198,235,236]. Just to illustrate the scope, more than
300 nuclear and 13 mitochondrial genes have been
linked to monogenic mitochondrial diseases alone [9,-
237-239]. While not necessarily always causative,
extensive evidence implicates defects in mitochondrial
dynamics as contributing factors for the progression of
neurodegeneration in diseases like Parkinson’s disease
(PD), Alzheimer’s disease (AD), Amyotrophic lateral
sclerosis (ALS), Hereditary spastic paraparesis (HSP),
and others [4,10,25,235,240]. Alterations in Mirol
levels and/or function that may contribute to pathogen-
esis have emerged as a shared feature of several neuro-
degenerative diseases.

Hyperphosphorylation-induced toxicity of MT-
associated tau protein has been associated with several
neurodegenerative disorders including AD, FTD and
other tauopathies [241,242]. Axonal mitochondria and
Miro-TRAK complexes may be critical preventing
excessive tau phosphorylation and toxicity. In
a Drosophila model of tau toxicity, KD of dMiro or
Milton increased levels of the kinase PAR-1/MARK
driving increased human tau phosphorylation at
the AD-related site Ser262 and enhanced tau-induced
neurodegeneration [243]. Consistently, a heterozygous
mutation of dMiro enhanced amyloid-p (Ap) induced
locomotor defects in a fly AD model [244]. Moreover,
overexpression of the Miro-TRAK interacting protein
Armcl0 prevented Ap-induced mitochondrial frag-
mentation [166]. Since Miro levels are downregulated
in post-mortem brains of familial AD patients with
a mutation in presenilin 1 [245], Miro could contribute
to the progression of the disease.

Impairments of mitochondrial function and distribution
emerged as one of the key pathologies of ALS [246], which
is a progressive late-onset neurodegenerative disease affect-
ing primarily motor neurons in the brainstem and spinal
cord [247]. First evidence for a role of Miro in ALS came
from a rat culture model of familial ALS (fALS; type 8) in
which expression of EF hand-mutant Mirol restored the



mitochondrial transport defect induced by expression of
VAPB containing a fALS-linked mutation [248]. In addi-
tion, reduced Mirol levels were found in spinal cords of
patients with sporadic ALS and in mice expressing fALS-
causing mutant SOD1 (G93A) or TDP-43 (M337V) [249].
Inducing glutamate excitotoxicity in rat motor neurons and
mouse spinal cord recapitulated the loss of Mirol induced
by fALS mutations [249]. Interestingly, the reduced Mirol
levels in the SOD1-G93A model were likely due to Mirol
degradation, as they were dependent on Pink and Parkin
[250]. Expression of Mirol or EF-hand mutant Mirol
restored axonal mitochondrial transport in SOD1-G93A
expressing neurons [250]. Taken together, these data sug-
gest that abnormal Miro levels may contribute to the pro-
gression of some forms of ALS.

Mitochondrial dysfunction has been implicated as
a key element in the pathogenesis of both idiopathic
PD (iPD) and familiar PD (fPD), which are mainly
caused by the loss of dopaminergic neurons in the
substantia nigra [251-253]. Loss of PINKI1 or Parkin
function causes early-onset recessive fPD while muta-
tions in LRRK2 are the most common cause of auto-
somal dominant fPD but LRRK2 mutations are also
present at a lower rate in idiopathic cases [254]. The
critical role of Miro interactions with these three PD-
associated proteins during mitophagy discussed earlier
indicates a potential role for Miro in PD. Indeed,
alterations of Mirol degradation emerged as a shared
feature of iPD and fPD [157]. In fibroblasts derived
from fPD and iPD patients, depolarization-induced
degradation Mirol and mitochondrial clearance were
impaired [157]. Remarkably, weak KD of Mirol pre-
vented an accumulation of damaged mitochondria and
restored mitophagy in PD-associated LRRK-mutant
IPSC-derived neurons, indicating that Mirol is part of
the LRRK2-linked PD pathogenesis [157].

Mirol levels were found to be increased in post-
mortem brains of iPD and fPD patients, which is likely
due to a-synuclein [255]. a-synuclein interacts with
Mirol and when overexpressed excessively accumulates
Miro on the OMM and delays mitophagy [255], which
is a cause of fPD [254]. Mirol levels also were upregu-
lated in iPSC neurons derived from patients with dif-
ferent PD-linked mutations of a-synuclein [255].
Moreover, partial KD of Mirol restored mitophagy
and prevented neurodegeneration, linking Mirol to a-
synuclein-induced PD pathogenesis [255]. A larger
study showed impaired depolarization-induced Mirol
degradation in 93% of fibroblasts derived from 74 PD
or risk patients [256]. Treatment of PD fibroblasts with
a small molecule, termed ‘Mitol reducer’, restored nor-
mal degradation of Mirol. Remarkably, it also rescued
locomotor deficits in PD-LRRK2 fly models, and
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degeneration of iPSC-derived dopaminergic neurons
from PD patients with a-synuclein mutations [256].

Altered Miro-mediated regulation of mito-ER contacts
and Ca”" signalling may be significant for PD pathology. In
a Drosophila model of fPD, loss of PINK1 activity strength-
ened mito-ER contacts and elevated mitochondrial Ca**
levels in dopaminergic neurons, causing cell death [257].
Reducing levels of dMiro or components of the mito-ER
contacts counteracted the PINKI-induced elevated mito-
chondrial Ca** levels while Miro overexpression mimicked
effects of loss of PINK1 function [257]. These effects are
consistent with the negative regulation of Miro levels by
PINK1-Parkin signalling [100,151].

The significance of Mirol as a genetic risk factor for
PD is further underscored by the identification of two
heterozygous mutations in a cohort of PD patients that
are located in the first EF-hand domain and the cGTPase
domain of Mirol, respectively [258]. In patient-derived
fibroblasts both mutations caused strikingly similar phe-
notypes including reduced mito-ER contact sites,
impaired Ca®" homoeostasis, increased Ca**-induced
mitochondrial fragmentation, and increased mitochon-
drial clearance, which decreased mitochondrial mass
[258]. Even though causality is not fully established, the
effects of these rare mutations highlight the potential
significance of Mirol for the pathogenesis of PD.

Perspective

Since the discovery of Miro proteins in 2003 [30], we have
seen a remarkable diversification of Miro’s role for mito-
chondrial and, unexpectedly, peroxisomal dynamics. Miro,
together with its associated proteins, likely provides a mean
for a central signalling node to coordinate mitochondrial
dynamics by integrating cues from mitochondria as well as
the intra- and extracellular environment. The emerging
dual role of Miro for mitochondrial and peroxisomal
dynamics indicates yet another layer of functional, and
perhaps evolutionary linked, complexity of Miro’s pleiotro-
pic functions. As mitochondria and peroxisomes function-
ally, and sometimes even physically, interact with each
other to coordinate various metabolic and signalling path-
ways, one wonders, whether Miro participates in this inter-
organelle signalling.

A number of critical mechanistic key questions remain
to be addressed. First and foremost, a better biochemical
understanding of Miro’s mode of GTP hydrolysis is
urgently needed. Such insights will be critical to understand
the effects of mutations in Miro’s GTPase domains on
nucleotide binding, domain structure, and the plethora of
Miro’s functions. Similarly, regulatory mechanisms of
Miro’s GTPase activity and their effects on the various
individual biological roles and/or their coordination are of
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great interest. Still an important lacuna is also our poor
understanding of how Miro interacts with dynein motors
and how their activity is coordinated with kinesin motors.
Another neglected question is the significance of the var-
ious Miro protein isoforms, which may be key to answering
how Miro can take centre stage of diverse cellular processes.
Finally, the specializations of regulating Miro function pro-
vided by vertebrate-specific DISC and the Eutherian-
specific Armcx proteins are critical future challenges.

The growing evidence implicating Miro in disease
pathogenesis underscores the need for a better under-
standing of the mechanisms underlying the control of
Miro’s many functions, which often even oppose each
other. Next to gaining a better understanding of the
significance of abnormal Miro complexes for degenera-
tive and potentially neuropsychiatric disorders, another
future challenge will be to dissect the emerging com-
plexity of the link between mitochondrial and perox-
isomal biology, and resolving whether ‘conventional’
mitochondrial and peroxisomal diseases are pathologi-
cally linked through proteins like Miro. I imagine we
are only at the beginning of an exciting journey acquir-
ing a systems-level understanding of Miro function
associated with mitochondrial and peroxisomal biology.
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